Chronic kidney disease progression can be predicted based on the degree of tubular atrophy, which is the result of proximal tubule apoptosis. The Na + /H + exchanger NHE1 regulates proximal tubule cell survival through interaction with phosphatidylinositol 4,5bisphosphate [PI(4,5)P2], but pathophysiologic triggers for NHE1 inactivation are unknown. Because glomerular injury permits proximal tubule luminal exposure and reabsorption of fatty acid/albumin complexes, we hypothesized that accumulation of amphipathic, longchain acyl-CoA (LC-CoA) metabolites stimulates lipoapoptosis by competing with the structurally similar PI(4,5)P2 for NHE1 binding. Kidneys from mouse models of progressive, albuminuric kidney disease exhibited increased fatty acids, LC-CoAs, and caspase-2dependent proximal tubule lipoapoptosis. LC-CoAs and the cytosolic domain of NHE1 directly interacted, with an affinity comparable to that of the PI(4,5)P2-NHE1 interaction, and competing LC-CoAs disrupted binding of the NHE1 cytosolic tail to PI(4,5)P2. Inhibition of LC-CoA catabolism reduced NHE1 activity and enhanced apoptosis, whereas inhibition of proximal tubule LC-CoA generation preserved NHE1 activity and protected against apoptosis. Our data indicate that albuminuria/lipiduria enhances lipotoxin delivery to the proximal tubule and accumulation of LC-CoAs contributes to tubular atrophy by severing the NHE1-PI(4,5)P2 interaction, thereby lowering the apoptotic threshold. Furthermore, these data suggest that NHE1 functions as a metabolic sensor for lipotoxicity. PI(4,5) P2 for NHE1 binding. Kidneys from mouse models of progressive, albuminuric kidney disease exhibited increased fatty acids, LC-CoAs, and caspase-2-dependent proximal tubule lipoapoptosis. LC-CoAs and the cytosolic domain of NHE1 directly interacted, with an affinity comparable to that of the PI(4,5)P2-NHE1 interaction, and competing LC-CoAs disrupted binding of the NHE1 cytosolic tail to PI(4,5)P2. Inhibition of LC-CoA catabolism reduced NHE1 activity and enhanced apoptosis, whereas inhibition of proximal tubule LC-CoA generation preserved NHE1 activity and protected against apoptosis. Our data indicate that albuminuria/lipiduria enhances lipotoxin delivery to the proximal tubule and accumulation of LC-CoAs contributes to tubular atrophy by severing the NHE1-PI(4,5)P2 interaction, thereby lowering the apoptotic threshold. Furthermore, these data suggest that NHE1 functions as a metabolic sensor for lipotoxicity.
Introduction
Over 26 million people in the US suffer from chronic kidney diseases, approximately half of whom have diabetic nephropathy (DN) as the etiology (1) . Most forms of chronic kidney disease are initiated by glomerular injury, but progression to end-stage renal disease is more tightly coupled to tubular atrophy and interstitial fibrosis, compared with glomerular pathology (2) (3) (4) . Proximal tubule epithelial cell apoptosis is a mechanism of tubular atrophy (5) (6) (7) , and proximal tubule NHE1 defends against apoptosis through Na + /H + exchange as well as by functioning as a scaffold for the membrane phosphoinositide phosphatidylinositol 4,5-bisphos phate [PI(4,5)P2] and associated cell survival signaling cascades (8) (9) (10) . Experimental NHE1 inhibition using genetic or chemical inhibitor approaches causes tubular epithelial cell apoptosis (8, 11) , but an vivo mechanism of NHE1 inactivation in the pathophysiology of chronic kidney disease has not been described.
Several lines of evidence point toward accumulation of nonesterified fatty acid (NEFA) metabolites as a cause of proximal tubule cell dysfunction (lipotoxicity) in proteinuric conditions (12, 13) . In animal models of DN, renal tubular epithelial cell NEFA synthesis is increased, and catabolism by beta-oxidation is decreased (14, 15) . In chronic kidney diseases characterized by albuminuria, such as DN, filtered fatty acids bound to albumin are reabsorbed by the proximal tubule, which causes apoptosis (16) (17) (18) (19) . Intracellular NEFAs are esterified by long-chain acyl-CoA (LC-CoA) synthe-tases (ACSL) to form LC-CoA intermediates. Blood glucose and NEFA stimulate plasma membrane ACSL expression and activity (20) (21) (22) , and in microarray studies, ACSL transcripts are highly upregulated in kidneys from diabetic mice and biopsy specimens from humans with DN (23) (24) (25) . Although kidney LC-CoA content has not been measured previously, increased ACSL expression suggests that generation of LC-CoAs may be enhanced.
LC-CoAs are preferentially transported into mitochondria by carnitine palmitoyl transferase-1 (CPT1), which is the rate-limiting enzyme for NEFA oxidation and ATP generation; the kidney-and liver-specific isoform of CPT1 is CPT1a. If beta-oxidation capacity is exceeded, buffering against lipotoxicity is achieved by LC-CoA storage as triglyceride in cytoplasmic lipid droplets (26) (27) (28) , a process best exemplified in adipocytes, which contain a cytoplasm that is almost entirely composed of lipid droplets. But lipid storage is saturable in nonadipocytes, and a mismatch between NEFA uptake and utilization can therefore lead to LC-CoA accumulation and apoptosis (29) (30) (31) .
The mechanism of LC-CoA-mediated cytotoxicity has not been described. However, both LC-CoAs and phosphoinositides are amphipathic, with long acyl chains and negatively charged (phosphorylated) carbon rings. Because of this structural similarity, LC-CoAs have been demonstrated to compete with phosphoinositides for the regulation of PI(4,5)P2-dependent potassium channels and Na + /Ca 2+ exchangers (31) (32) (33) (34) . We show that, in the proximal tubule, a major target of apoptosis in proteinuric chronic kidney diseases, excess LC-CoAs compete with PI(4,5)P2 for binding to NHE1, which leads to NHE1 inactivation and loss of critical cell survival functions.
Results
The eNOS -/db/db mouse is an authentic model of lipotoxicity. To determine the role of lipotoxicity in chronic kidney disease pathogenesis, we examined eNOS -/db/db mice. Unlike other murine models of DN, eNOS -/db/db mice uniquely develop progressive GFR decline and, therefore, better mimic human DN (35) . Figure 1A shows glomerulosclerosis in eNOS -/db/db kidneys as well as interstitial fibrosis, a feature that is also lacking in other DN mouse models. Quantitative histomorphometry experiments revealed decreases in tubular area as well as increases in tubule dilation and interstitial area in eNOS -/db/db kidneys ( Figure 1G ), all of which are consistent with tubular atrophy and support that the eNOS -/db/db mouse represents a robust model of tubulointerstitial disease. eNOS -/db/db proximal tubules contained cytoplasmic triacylglycerol droplets (Figure 1 , B and C), a marker for NEFA metabolite accumulation (27, 36, 37) , which was absent in nondiabetic controls (eNOS +/db/m) ( Figure 1 , E and F). Increased proximal tubule cell apoptosis was observed in eNOS -/db/db mice ( Figure 1H and Supplemental Figure 1 , A-C; supplemental material available online with this article; doi:10.1172/JCI71863DS1) at frequencies that are comparable to those in human DN (38) . Significant but more modest apoptosis was observed in eNOS +/db/db proximal tubules when compared with that in eNOS +/db/m proximal tubules ( Figure 1H ), consistent with prior reports (39) . Apoptosis pathways culminate in executioner caspase-3 activation, but the upstream caspase-2 initiator provides context specificity for lipoapoptosis (40) . Immunohistochemical studies of eNOS -/db/db kidneys detected significantly greater caspase-2 activation in proximal tubules (Supplemental Figure 1 , D-I), compared with that in age-matched, control eNOS +/db/m kidneys ( Figure 1I ). Enhanced caspase-2 activity in eNOS -/db/db kidneys was confirmed using biochemical techniques (Supplemental Figure 1J ). Compensatory proliferation was not observed in eNOS -/db/db proximal tubules ( Figure 1J ), consistent with net cell loss and tubular atrophy. NHE1 regulates proximal tubule cell survival in response to apoptotic stress, whereas NHE1 deletion has a permissive effect on apoptosis
Figure 1
The eNOS -/db/db mouse is an authentic model for DN. (A-F) Whole kidneys from 26-week-old mice were fixed in 4% paraformaldehyde and labeled with (A and D) Masson's trichrome stain or Oil red O and (B, C, E, and F) hematoxylin counterstain. Original magnification, ×20 (A, B, D, and E); ×40 (C and F). (G) Histomorphometric quantitation of tubular atrophy and interstitial fibrosis, as described in Methods (n = 5 kidneys per group). IS, interstitium. *P < 0.01 compared to eNOS +/db/m group by t test. (H) Proximal tubule apoptosis was determined by counting TUNELpositive cells from Tapinauchenius purpureus-counterstained kidney frozen sections (n = 3 per group). *P < 0.05 compared to eNOS +/db/m group. **P < 0.05 compared to all other groups. (I) Kidney frozen sections were labeled with rat anti-active (cleaved) caspase-2 IgG and T. purpureus proximal tubule counterstain and quantitated (n = 3 per group). *P < 0.05 compared to eNOS +/db/m group. (J) Frozen sections were labeled with Ki-67 and T. purpureus for proliferating proximal tubule cells and quantitated (n = 5 per group). (K) Cortical tubule suspensions from wild-type, db/db, eNOS -/-, and eNOS -/db/db mice were assayed for NHE1 activity by determining maximum rate of change in cytosolic pH following NH4Cl washout protocol and ratiometric BCECF fluorescence by spectrofluorimetry (n = 3 per group). *P < 0.05 compared to wild-type group by ANOVA. (9) . Figure 1K demonstrates profoundly decreased NHE1 activity in renal cortices from eNOS -/db/db mice, suggesting that NHE1 is a relevant target in DN pathogenesis.
LC-CoA content is increased in eNOS -/db/db mouse kidneys. The initial metabolites of NEFAs, LC-CoAs, are structurally similar to phosphoinositides (Figure 2A ), which regulate proximal tubule cell survival through interaction with the NHE1 cytosolic tail (cNHE1) (10) . To explore whether LC-CoAs mediate lipotoxicity in vivo, NEFA and LC-CoA concentrations were assayed from renal cortices of eNOS -/db/db mice and nondiabetic, littermate controls. As shown in Table 1 , NEFAs were increased in eNOS -/db/db kidneys. Figure 2B shows a significant increase in 3 LC-CoA species from eNOS -/db/db kidney cortices by a magnitude that is comparable to liver LC-CoA content in mouse models of hepatic steatosis (41) (42) (43) . The estimated total cellular LC-CoA concentration was 58 μM (see Supplemental Methods), which is consistent with values in other tissues affected by diabetes or hyperlipidemia (41) . We conclude that eNOS -/db/db mice represent a faithful model of DN, with evidence of LC-CoA accumulation and lipotoxicity. Consistent results were also observed in the ROP strain of mice (Table 1 and Figure  2C tal Table 1 ), especially with aging or superimposition of the Os/+ mutation, which models focal and segmental glomerulosclerosis (44) . These data indicate that NEFA and LC-CoA accumulation may be a general feature of progressive, proteinuric renal diseases. LC-CoAs compete with PI(4,5)P2 for binding to NHE1 in vitro. Proximal tubule NHE1 activity is cytoprotective (9) and dependent upon a low-affinity electrostatic interaction with plasma membrane inner leaflet PI(4,5)P2 (10, 45) . To determine whether LC-CoAs bind directly to the cNHE1, and potentially compete with PI(4,5)P2 for binding, surface plasmon resonance (SPR) was used to assess LC-CoA/NHE1 binding characteristics. Palmitoyl-CoA ( Figure 3A ) and oleoyl-CoA ( Figure 3B ) bound the NHE1 tail with low affinity, at a K d similar to that in the PI(4,5)P2-NHE1 interaction (10) . Neither palmitic nor oleic acid bound to NHE1 (data not shown). Palmitoyl-CoA binding was weakly pH dependent ( Figure 3C ), a characteristic that was also observed for PI(4,5)P2 (10) . PI(4,5)P2 interacts with 2 Lys/Arg-rich, juxtamembrane NHE1 domains (10, 45) . LC-CoA binding to an M1 + M2 KR/A mutant cNHE1 polypeptide (see Supplemental Figure 2 ) was 200-to 300fold weaker (mean K d = 7.8 × 10 -3 M for palmitoyl-CoA, 7.5 × 10 -3 M for oleoyl-CoA) compared with that of wild-type cNHE1, suggesting that LC-CoA and PI(4,5)P2 bind to the same NHE1 sites.
Overlay assays were used to confirm direct LC-CoA/NHE1 interaction and to screen for LC-CoA/PI(4,5)P2 competition for NHE1 binding. Figure 4 , B and D, demonstrates binding of the cNHE1 to LC-CoAs, which was abolished by competition with equimolar PI(4,5)P2 ( Figure 4D ). Figure 4F shows results from experiments using a reciprocal approach and reveals that cNHE1 binding to phosphoinositides was abolished by competition with palmitoyl-CoA.
Figure 3
Low-affinity binding between LC-CoAs and the cNHE1. LC-CoA binding to NHE1 was determined by SPR, using immobilized NHE1 cytosolic domain (cNHE1) peptide as ligand and LC-CoAs as analytes, as described in Methods. 
LC-CoAs compete with PI(4,5)P2 for binding to NHE1 in vivo.
To simulate DN conditions, proximal tubule cell lines were exposed to glucose and albumin complexed with palmitate, as well as etomoxir, to inhibit CPT1 and increase intracellular LC-CoA accumulation (Supplemental Figure 3A) . To evaluate NHE1-PI(4,5) P2 binding, plasma membrane interactions were determined by combined total internal reflection fluorescence (TIRF) microscopy/fluorescence resonance energy transfer (FRET) using BODIPY-PI(4,5)P2 and RFP-NHE1 FRET donor/acceptor pairs (10, (46) (47) (48) (49) . Plasma membrane NHE1 and PI(4,5)P2 are shown by TIRF microscopy ( Figure 5, A and B ). TIRF measurements of BODIPY fluorescence are consistent with FRET between PI(4,5) P2 and NHE1 ( Figure 5C ). Importantly, FRET was abrogated by the combination of palmitate, glucose, and etomoxir ( Figure 5C ), suggesting that the plasma membrane PI(4,5)P2-NHE1 interaction is disrupted by palmitoyl-CoA.
As an alternative technique to examine competition between LC-CoAs and PI(4,5)P2 for binding to NHE1, Xenopus oocytes were microinjected with an EGFP-tagged cNHE1 cRNA. As revealed in Figure 5D , the translated cNHE1 polypeptide distributed to the plasma membrane. Oocyte exposure to palmitate caused cNHE1 release from the plasma membrane ( Figure 5G ), which was accentuated by etomoxir coincubation ( Figure 5H ). In oocytes treated with triacsin C to inhibit ACSL1-catalyzed formation of palmitoyl-CoA (Supplemental Figure 3A) , EGFP-cNHE1 binding to plasma membrane was preserved ( Figure 5I ). In related experiments, oocyte coinjection with palmitoyl-CoA caused concentration-dependent cNHE1 displacement ( Figure 5J ), which was not observed with short-chain (malonyl) CoA injection ( Figure 5K ), implying that imbedding of the longer acyl chain within the plasma membrane is required for LC-CoA proximation with PI(4,5)P2 and NHE1. Taken together, Figures 4 and 5 provide compelling evidence that LC-CoAs compete with plasma membrane PI(4,5)P2 for interaction with the cNHE1.
LC-CoAs stimulate apoptosis through inhibition of NHE1 activity. Effects of LC-CoAs on apoptosis and NHE1 were accomplished through manipulation of ACSL1 and CPT1 activities. To justify this approach, we first demonstrated that expression of the triacsin C-inhibitable ACSL1 isoform was abundant in proximal tubule ( Figure 6 ), in agreement with markedly decreased total kidney ACSL activity in Acsl1 -/mice (50) . Then, we determined that ACSL1 shRNAs and ACSL1 adenoviral overexpression inhibited and stimulated ACSL1 expression, respectively ( Figure 6D ). Finally, we verified that LC-CoA levels were appropriately modulated in LLC-PK1 cells coincubated with palmitate plus etomoxir or triacsin C and in human renal proximal tubule (HRPT) cells overexpressing ACSL1 shRNAs or cDNA exposed to palmitate (Supplemental Figure 3) . That ACSL1-transfected cells did not exhibit greater enhancement of LC-CoA content, as was observed in heart (31) , may be due to cytotoxicity caused by the combination of ACSL1 overexpression and palmitate, or that the rate-limiting step controlling LC-CoA concentration is CPT1-mediated beta-oxidation, rather than ACSL1-mediated LC-CoA synthesis. Figure 7A reveals the effects of NEFA metabolism modulation on palmitate-induced apoptosis. Increased apoptosis was observed in etomoxir-treated cells, whereas triacsin C protected cells from apoptosis. Similar results were observed in cells exposed to 5 mM or 25 mM glucose, though the magnitude of apoptosis was greater with the higher glucose conditions (Supplemental Figure 4 ). As shown in Figure 7B , silencing of ACSL1 expression with 2 different shRNAs protected against apoptosis. ACSL1 overexpression did not result in significant additional increases in apoptosis, consistent with the minimal increase in LC-CoA content (Supplemental Figure 3B ). Individual NEFAs sort to unique domains and potentially exert different effects on proximal tubules (51) (52) (53) . To test whether results were specific to palmitate, LLC-PK1 cells were exposed to a mixture of saturated and unsaturated long-chain NEFAs that reflects the distribution in serum (54, 55) . This maneuver also caused significant apoptosis ( Figure 7C ).
Proximal tubule NHE1 is cytoprotective in vivo and in vitro (8, 11) . The effects of etomoxir, triacsin C, ACSL1 shRNA, and ACSL1 overexpression on NHE1 activity are shown in Figure 7 , D and E. Glucose plus palmitate inhibited NHE1 activity, an effect that was enhanced by etomoxir incubation and reversed by triacsin C (Figure 7D ). In HRPT cells exposed to glucose and palmitate, ACSL1 overexpression was associated with a slight but significant decrease in NHE1 activity, whereas shRNA-mediated suppression of ACSL1 expression attenuated the effect on NHE1 ( Figure 7E ).
To assess specificity of LC-CoA for NHE1-dependent cell survival, the effect of glucose plus palmitate was determined in wildtype and NHE1-null (Swe/Swe) mouse proximal tubule cells. As revealed in Figure 7F , the magnitude of lipoapoptosis was nearly equivalent in wild-type and Swe/Swe cells, indicating that, with inhibition of NHE1 activity by palmitate plus etomoxir, wild-type and Swe/Swe cells became indistinguishable; under both conditions, cells lost the cytoprotective effect of NHE1, which lead to lipoapoptosis vulnerability. These data are consistent with other apoptotic stimuli. Those that do not affect NHE1 activity, such as camptothecin (Supplemental Figure 5A) , caused an accentuated apoptotic response in NHE1-null cells (Supplemental Figure 5B ). For stressors that inhibit NHE1, such as etoposide and Taxol (Supplemental Figure 5A ), there was no additive effect of LC-CoAs on apoptosis in NHE1-null cells (Supplemental Figure 5B ).
Discussion
Of the few prognostic factors that have been identified in patients with chronic kidney diseases, albuminuria and tubular atrophy are among the most reliable predictors of disease progression (2-4, 56, 57) . However, the connection between albuminuria and tubular atrophy has not been obvious, in part due to neglect of the effects of NEFA binding to filtered albumin (58) . In vivo and in vitro studies demonstrated that proximal tubule apoptosis is induced by the bound NEFA (16) (17) (18) (19) 59) , thereby implicating lipotoxicity as a potential mechanism for disease progression and relegating albuminuria to biomarker status. Our data advance this concept by demonstrating NEFA, LC-CoA, and triacylglycerol deposition in proximal tubules from mouse models of nephrosis and glomerulosclerosis and LC-CoA-mediated apoptosis in proximal tubule cell lines exposed to albumin/NEFA complexes.
LC-CoAs have been implicated in multiple diseases (29) , though pathophysiologic mechanisms had not been established previously. Based upon our data, we envisioned a scenario for chronic kidney disease, as depicted in Figure 8 . In proteinuric glomerular diseases, which are often accompanied by hyperlipidemia, NEFAs are heavily bound to albumin and filtered, thereby permitting proximal tubule luminal exposure and uptake of NEFAs in large quantities. The CD36 scavenger receptor has been suggested to be involved in proximal tubule NEFA transport in humans (60), but it is not expressed in the proximal tubules of wild-type or diabetic mice (Supplemental Figure 6 ACSL1 expression in proximal tubule. (A) Immunohistochemical localization in mouse kidney of ACSL1, (B) proximal tubule with T. purpureus lectin, and (C) merged images. Original magnification, ×20 magnification. Gl, glomerulus; *, distal tubules. (D) HRPT cells were stably transfected with shRNAs directed against ACSL1 or a scrambled sequence construct. LLC-PK1 cells were transiently transfected with an ACSL1 adenoviral vector (Ad-ACSL1). Cell lysate proteins were separated by SDS-PAGE, transferred to PDVF membranes, and immunoblotted for ACSL1 expression. Blots were then stripped and reprobed for α-tubulin expression as a loading control.
into mitochondria or peroxisomes by the rate-limiting enzyme, CPT1a, and oxidized to generate ATP (Figure 8, pathway 1) . When energy needs are met, unmetabolized LC-CoAs are stored as cytoplasmic triacylglycerol-rich lipid droplets or cleaved by the Them/ ACOT family of acyl-CoA thioesterases (65) to shield cells from lipotoxicity (Figure 8, pathway 2) . In contrast to adipocytes, LC-CoA buffering capacity is limited in epithelial cells, resulting in lipoapoptosis through multiple biochemical mediators ( Figure  8 and ref. 29) . Our data highlight the importance of NHE1 as a final checkpoint for cell survival. We have shown previously that apoptotic stresses stimulate proximal tubule NHE1, which triggers generation of downstream cell survival signals (8) (9) (10) . However, if LC-CoAs accumulate and uncouple PI(4,5)P2 binding from juxtamembrane NHE1 domains, NHE1 becomes disabled, which allows apoptosis to proceed (Figure 8, pathway 3) .The functions of the NHE1 Na + /H + exchanger can therefore now be expanded to include a metabolic sensor role.
We showed previously that PI(4,5)P2, which resides in the inner leaflet plasma membrane at a concentration of 10 to 15 μM (66-68), binds the cNHE1 with K d of 52 μM (10). LC-CoAs bound the cNHE1 with slightly greater (23-34 μM) affinity. In contrast to high-affinity binding, which tends to be irreversible, low-affinity interactions with NHE1 are likely to be physiologically relevant, by allowing rapid on-off binding of multiple molecules, resulting in fine modulation of NHE1 function (68) . Importantly, we estimated that the increased intracellular LC-CoA concentration in eNOS -/db/db kidneys approaches 60 μM, thereby enabling LC-CoA displacement of phosphoinositides from NHE1 binding sites.
Although our data are consistent with a model of lipoapoptosis due to LC-CoA competition with PI(4,5)P2 for NHE1 binding, we cannot exclude the possibility that intracellular LC-CoAs could also alter phosphoinositide fatty acid side chain composition (69) or affect the interaction with other phosphoinositide-binding, apoptosis-modulating proteins, such as Akt (70) and p90 ribosomal S6 kinases (71) , which are associated with NHE1 regulation (8, (71) (72) (73) , or K ATP channels (32) (33) (34) , which are expressed in the proximal tubule (74) , and cause K + efflux, a prominent apoptotic feature (75) .
In vivo validation of the role for LC-CoAs in the pathophysiology of kidney disease was achieved primarily in studies with the eNOS -/db/db mouse, which was chosen because it is arguably the most reliable murine model of DN (76) . A major advantage is the accelerated tempo of disease, with development of significant renal dysfunction by 26 weeks (35) . We confirmed the glomerular histopathology as well as tubular atrophy and interstitial fibrosis, which are likely to contribute to the progression phenotype, since persistent proximal tubule apoptosis leads to glomerulosclerosis and kidney failure (77) . In addition, we provide evidence that tubular atrophy is due to lipoapoptosis by demonstrating lipid accumulation and caspase-2 activation in proximal tubules. Although caspase-2 has been linked to multiple apoptotic stimuli, a recent report indicates that it is indispensable for lipoapoptosis (40) .
One limitation of eNOS -/db/db mice is that they represent a phenocopy for DN, since humans with diabetes harbor neither eNOS nor leptin receptor mutations. Baseline plasma NEFA concentrations are also lower in mice than in humans, though there is a similar 50% mean increase in plasma NEFAs in both db/db mice and humans with type 2 diabetes (78) (79) (80) . Despite these interspecies differences, eNOS -/db/db kidneys did contain lipid droplets and increased NEFA and LC-CoA concentrations, suggesting that eNOS -/db/db mice reliably mimic human DN and lipotoxicity. Although we provide extensive in vitro data linking LC-CoA accumulation to apoptosis by NHE1 inhibition, an additional limitation of the experimental approach is that a direct cause-effect relationship could not be established using an in vivo model.
In most patients with chronic kidney disease, the mainstays of therapy are antihypertensive agents with dual antiproteinuric effects. Although this strategy would theoretically limit lipotoxicity by simultaneously diminishing NEFA exposure to the proximal tubule luminal transporters, our data suggest new targets that could be considered. One obvious possibility would be ACSL1 or FATP2 inhibitors, which inhibit vectorial acylation and/or limiting intracellular LC-CoA generation. LC-CoA must be esterified with carnitine to form acylcarnitine prior to CPT1a-dependent shuttling into mitochondria. L-carnitine supplementation might facilitate this process and thereby reduce cytosolic LC-CoA concentration (81) . Dietary L-carnitine trials have achieved mixed results in dialysis patients, in an effort to improve multiple uremic symptoms, but the impact of carnitine on kidney disease progression has not been well studied (82) . Preliminary trials have shown that PPARα agonists may represent an effective treatment for DN, though the mechanism of efficacy is unknown (83) . Because PPARα agonists directly activate CPT1a (84), we speculate that a novel mechanism may be via CPT1a-directed acceleration of LC-CoA metabolism and abrogation of lipoapoptosis.
In summary, we describe a new biochemical mechanism, which is potentially applicable to multiple types of chronic kidney disease. Our data support a model in which diseased glomeruli with impaired permselectivity allow filtration and proximal tubule reabsorption of NEFA, which leads to accumulation of LC-CoAs, and competition with structurally similar phosphoinositides for binding to NHE1. In this capacity, the NHE1 Na + /H + exchanger functions as a metabolic sensor for lipotoxicity, since LC-CoAdependent NHE1 inactivation reduces the threshold for apoptosis, which culminates in tubular atrophy and renal failure.
Methods
Mice. The generation and phenotype characteristics of C57BLKS/J eNOS -/db/db (eNOS -/db/db) and ROP/Le-Os Es1 b /+ Es1 a (ROP Os/+ ) mice have been described previously (35, 44, 85, 86) . Mice were fed Prolabs Isopro RMH 3000 rat chow (LabDiet), containing 26% protein, 14% fat, and 60% carbohydrates.
Histology. Kidneys fixed in 4% paraformaldehyde were imbedded in paraffin blocks, and 10-μm microtome sections were stained with Masson trichrome, according to the guidelines from Sigma-Aldrich (HT15), as previously described (87) . To assess for tubular atrophy and interstitial fibrosis, quantitative histomorphometry was conducted on images at the magnification of ×40, which were overlaid with a 16 × 22 grid within Adobe Photoshop. Six sections per kidney were randomly selected for analysis. Coincidence of intersecting grid lines with tubule (nucleus, cytoplasm, or brush border), tubule lumen, or Masson's trichrome-stained interstitium was counted, whereas glomeruli and blood vessels were omitted from calculations. The total of the 3 compartments was defined as 1.0, and the proportion of the total comprised by tubule cell, tubule lumen, or fibrosed interstitium was compared between eNOS +/db/m and eNOS -/db/db kid-
Figure 8
Schematic diagram of NEFA uptake and metabolism in proteinuric states. Numbers 1-3 indicate the sequential order of NEFA metabolism. Green arrows indicate stimulatory pathways; red arrows indicate inhibitory pathways. ACSL1, acyl-CoA synthetase-1; Alb, albumin; Amn, amnionless; CPT1a; carnitine palmitoyl transferase-1a; Cub, cubilin; DAG, diacylglycerol; Dgat2; diacylglycerol acyltransferase-2; FATP2, fatty acid transfer protein-2; NHE1, Na + /H + exchanger-1; PI(4,5)P2, phosphatidylinositol-(4,5)-bisphosphate; TG, triacylglycerol; Them2, thioesterase superfamily member 2.
neys. Cytoplasmic lipid droplets were labeled with Oil red O (0.5%, 5 minutes, room temperature), followed by hematoxylin counterstaining. Stained sections were viewed at magnification of ×20 or ×40 by light microscopy. Apoptosis was assessed by TUNEL assays, and results were quantitated as previously described (11) . In situ proximal tubule cell proliferation was determined by Ki-67 labeling, as previously described (87) .
Immunohistochemistry. Methods have been described previously in detail (87) . Mouse kidney was frozen at -80°C. Samples were sectioned to 5 μm by cryostat, fixed in paraformaldehyde (4%, 10 minutes, 4°C), rinsed in PBS, and then permeabilized with Triton X-100 (Sigma-Aldrich; 0.2% in PBS, 10 minutes, 4°C). Sections were blocked with goat serum (5% in PBS, 1 hour, room temperature) and then incubated with anti-ACSL1 IgG (Cell Signaling; 1:25, overnight, 4°C) or anti-active caspase-2 (Abcam; 10 μg/ml, overnight, 4°C), followed by Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen; 1:200, 1 hour, at room temperature). Proximal tubules were labeled with rabbit anti-aquaporin-1 IgG (1:200, 14 hours, 4°C) plus FITC-conjugated goat anti-rabbit IgG or Texas red-or FITC-conjugated Tetragonolobus purpureus lectin, as previously described (5) . CD36 localization in kidney was determined by incubation with anti-CD36 IgG (Novus; 1:100, 14 hours, 4°C), followed by FITC-or Texas red-conjugated IgG. Sections were mounted in Aqueous Mounting Media (Vector) containing ToTo-3 nuclear counterstain (Invitrogen) and viewed by epifluorescence or confocal microscopy. NHE1 function. Mice were sacrificed at 12 weeks, kidneys were removed, and cortical suspensions were generated following serial sieving through mesh of progressively smaller diameter. Ultimately, fragments that flowed through 40-μm mesh, which excludes glomeruli and contains primarily proximal tubules, were harvested (88) . Suspensions were loaded with BCE-CF-AM (1 μM, 30 minutes, 37°C), using 0.02% pluronic F127 to assist with uptake and dispersion. N-ethyl-N-isopropyl amiloride-sensitive (EIPA-sensitive; Sigma-Aldrich, 1 μM) Na + /H + exchange was measured using NH4Cl washout acid load recovery protocol and BCECF fluorescence, which was assayed by spectrofluorimetry (89) . In cultured cells, EIPA-sensitive Na + /H + exchange was determined according to previously described methods (10) . Similar results were observed for EIPA-and cariporide-inhibitable Na + /H + exchange in cultured proximal tubule cells and kidney cortices ex vivo (Supplemental Figure 7) , implying that the relevant Na + /H + transporter is NHE1.
Cell culture. C57BL/6 wild-type and NHE1-null C57BL/6 Swe/Swe mouse proximal tubule cells were isolated by Percoll gradient centrifugation, maintained in primary culture in DMEM/F-12 (Invitrogen) plus 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin-fungizone (Sigma-Aldrich), and then immortalized by infection with temperature-sensitive SV40, as previously described (10) . The HRPT cell line (gift from L. Racusen, Johns Hopkins University, Baltimore, Maryland, USA) was maintained in DMEM-F12 (Invitrogen) plus 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin-fungizone (Sigma-Aldrich), as described previously (11) . LLC-PK1 cells (ATCC) were maintained in DMEM (Invitrogen) plus 10% fetal bovine serum (HyClone) and 1% penicillin/streptomycin-fungizone (Sigma-Aldrich), as described previously (10) . For experiments testing the effects of high glucose and NEFA incubation, untreated control groups were maintained in DMEM with low glucose (5.56 mM) (Invitrogen).
Fatty acid analysis by gas chromatography-mass spectrometry. The total concentrations of palmitate (16:0), stearate (18:0), oleate (18:1), and linoleate (18:2) were determined from tissues using gas chromatography-mass spectrometry (90) . A known quantity of tissue was hydrolyzed and extracted after adding a known amount of heptadecanoic acid (17:0). Fatty acids were analyzed as their trimethylsilyl derivatives under electron impact ionization mode using an Agilent 5973N-MSD equipped with an Agilent 6890 GC system and a DB17-MS capillary column (30 m × 0.25-mm internal diameter × 0.25-μm film thickness).
LC-CoA analysis by liquid chromatography-mass spectrometry/MS. In a known amount of tissue, acyl-CoAs were measured using liquid chromatography-mass spectrometry (LC-MS) methods, as previously described with slight modifications (91) . Briefly, the tissue samples were spiked with an internal standard of [ 2 H9]pentanoyl-CoA (0.4 nmol) and the supernatant fraction collected from tissue homogenate was loaded on to a preconditioned Supelco solid-phase extraction cartridge. Acyl-CoAs were eluted with 3 ml buffer (3:1 methanol/H2O with 50 mM ammonium formate) and 3 ml methanol. The eluent was evaporated under nitrogen gas and resuspended in the eluting buffer and then analyzed using a LC-MS/MS system. The LC was coupled with an API4000 Qtrap Mass Spectrometer (Applied Biosystems) and operated under positive ionization mode for the detection of acyl-CoA ions.
SPR. Binding parameters for the interaction between LC-CoAs and the NHE1 cytosolic domain were measured using a Biacore 3000 SPR-based biosensor (Biacore AB), as previously described (10) . Briefly, the wild-type rat cNHE1 or M1 + M2 mutant fusion proteins (Supplemental Figure 2 ; cDNAs were gifts from John Orlowksi, McGill University, Montreal, Quebec, Canada) were immobilized on a CM5 chip (Biacore) at a density of approximately 1,000 response units. Varying concentrations of palmitoyl-CoA or oleoyl-CoA analyte suspensions (Avanti Polar Lipids) in Biacore HBS-P buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 0.005% surfactant P20) were flowed at 5 μl per minute for 3 to 4 minutes to determine association rate constants, followed by a 4-minute perfusion with buffer only to determine dissociation rate constants. Data were analyzed using the BIAevaluation 3.1 program.
Membrane overlay assays. The fusion protein corresponding to the entire rat cNHE1 (1 μg/ml, overnight, 4°C) was suspended in renaturation buffer and incubated with membrane phospholipids spotted on PIP strips (Echelon) or custom-made nitrocellulose strips spotted with palmitoyl-CoA, malonyl-CoA, or oleoyl-CoA (Sigma-Aldrich, 1 μl of 1 mM stock, 400 pmoles per spot) or C8-PI(4,5)P2 or C8-PI(3,4,5)P3 (Avanti, 1 μl of 1 mM, 400 pmoles per spot), which were then probed for cNHE1 binding with anti-NHE1 antibodies according to previously described methods (10) .
TIRF microscopy and FRET. FRET measurements were made between BODIPY-PI(4,5)P2 and N-terminal RFP-tagged NHE1 (gift from Jalal Khundmiri, University of Louisville, Louisville, Kentucky, USA) within TIRF microscopy fields according to previously described methods (10) . RFP-tagged NHE1 retained Na + /H + exchange activity (data not shown).
NHE1 localization in oocytes. cRNA synthesis and oocyte microinjections were conducted as described previously (92) . The cDNA encoding the entire rat cNHE1 (10) with a C-terminal EGFP tag was linearized with EcoRI and AgeI, purified using the QIAquick PCR Purification Kit (Qiagen), and subcloned into the Xenopus expression vector pGH19. Capped cRNA was transcribed from the linearized cDNA using the T7 mMessage mMachine Kit (Ambion). cRNA was purified and concentrated using the RNeasy MinElute RNA Cleanup Kit (Qiagen). Xenopus oocytes were surgically removed from anesthetized frog ovaries and separated by collagenase digestion. Stage V-VI oocytes were manually separated and stored at 18°C in oocyte recipe 3 (OR3) medium, supplemented with penicillin and streptomycin (500 U each). One day after isolation, oocytes were injected with 25 nl cRNA solution containing 900 ng/μl cRNA or 25 nl sterile water and then stored in OR3 medium at 18°C for 3 days prior to incubation with NEFA with or without chemical inhibitors or injection with acyl-CoAs. Upon experiment completion, oocytes were fixed in 4% paraformaldehyde, snap frozen in liquid nitrogen, cryostat sectioned, and viewed by confocal microscopy to assess EGFP plasma membrane localization.
Transfection with viral vectors. To achieve ACSL1 overexpression, HRPT cells were infected with human ACSL1 adenoviral vector (Ad-ACSL1; gift from Jason Dyck, University of Alberta, Edmonton, Alberta, Canada). gel and transferred to polyvinylidine difluoride membranes, which were blocked in 5% nonfat dried milk. Membranes were probed with anti-active caspase-2 IgG (1 μg/ml, overnight at 4°C), followed by HRP-conjugated protein A (1:4,000, 1 hour, room temperature), and band intensity was detected by enhanced chemiluminescence.
Statistics. All experiments were conducted a minimum of 3 times. Results are expressed as mean ± SEM. Two-tailed paired t tests were used for statistical analysis between 2 groups. Two-way ANOVA was used for comparisons among more than 2 groups. Statistical significance was defined as P < 0.05.
Study approval. All protocols were approved by the Institutional Animal Care and Use Committees at Vanderbilt and Case Western Reserve Universities.
